Resistive random access memory (ReRAM) has attracted great attention as a next generation of nonvolatile memory [1] . The ReRAM memory typically has a capacitor-like structure composed of resistive-switching insulator sandwiched between two metal electrodes (Fig. 1) . For oxide-based ReRAMs, it has been reported both experimentally and theoretically that the conductive filament is formed by cohesion of oxygen vacancies (V O s) [2,3].
Introduction:
Resistive random access memory (ReRAM) has attracted great attention as a next generation of nonvolatile memory [1] . The ReRAM memory typically has a capacitor-like structure composed of resistive-switching insulator sandwiched between two metal electrodes ( Fig. 1 ). For oxide-based ReRAMs, it has been reported both experimentally and theoretically that the conductive filament is formed by cohesion of oxygen vacancies (V O s) [2, 3] . As the resistive switching insulator, many materials such as Al 2 O 3 , TiO 2 , HfO 2 , and NiO have been used [4] . Among them, the advanced stack structure which contain a Al 2 O 3 thin layer and metal-rich V O source layers in oxide-based ReRAMs has been experimentally shown to lower the operation current and improve thermal stability for the stable switching operation [5] (Fig. 1(b) (Fig. 2) . 
distributed along the V O -chain, thereby forming a conductive channel. The conductive paths are actually classified into two types; one is mainly composed of p z -orbitals of Al atoms (Fig. 4(a) ) and the other is composed of s-and p x -orbitals of Al atoms (Fig. 4(b) ). This indicates that conductive filament formation open the conductive path through the wave functions with extended characteristics, leading to ON-state generation.
As mentioned in the introduction, it has been reported that insertion of an Al 2 O 3 layer in HfO 2 -based ReRAM as one of stack layers increases the ON/OFF ratio [5] . Basically, Al 2 O 3 is known as an O interstitial former, and it is difficult to form V O . Thus, Al 2 O 3 is expected to act as a V O barrier layer so that V O s are completely removed from Al 2 O 3 layer at OFF-state (Fig. 5(a) ), resulting in high ON/OFF ratio. On the other hand, V O still exists even in OFF-state in the usual ReRAM with two-layer structure ( Fig. 5(b) ). Therefore, high ON/OFF ratio is obtained by introducing an Al 2 O 3 V O barrier layer. In the following, however, we show that V O filament formation is possible by applying voltages. Moreover, we can propose a guiding principle for bipolar and unipolar ReRAM with the Al 2 O 3 Vo barrier layer. First, we consider bipolar operations (Fig. 6) . ReRAM including Vo barrier layers exhibits bipolar behavior, if electrons are injected only through the filament or only from the electrode [6] . It is noted that V O level of Al 2 O 3 is located at almost the same position of Fermi level of TiN electrode that is lower than Hf Fermi level by about 1 eV. First, if electrons are injected through the conductive filament, positive voltage should be applied on the TiN electrode for the formation of V O filament, decreasing the position of Fermi level of the electrode (Fig. 6) . As a result, 2 eV energy gain by electron transfer from V O level to the electrode is obtained under 1 V positive voltage, when V O is formed near the Al 2 O 3 /Hf interface. Moreover, cohesion of V O leads to the energy gain of 0.4 eV. Thus, 2.4 eV total energy gain is obtained by applying positive voltage, leading to overcome the 2.2 eV energy loss discussed above. This corresponds to the positive-voltage-induced switching from OFF-to ON-state due to the V O filament formation. It is also noted that the V O filament can be eliminated by applying negative voltage, which is the switching from ON-to OFF-state. Thus, above discussed ReRAM stacks reveal the bipolar operation. Next, we discuss the possibility of unipolar operations using the above considered ReRAM stacks with the Al 2 O 3 layer. In order to inject electrons from the electrode, we should apply negative voltage (Fig. 7) . As a result, the position of V O level of Al 2 O 3 can be elevated. When we apply −2V negative voltage and V O is formed near the electrode, 2 eV energy gain by electron transfer from V O level to Fermi level of Hf (Hf-rich HfO 2 ) is obtained, Consequently, the switching from OFF-to ON-state is possible at negatively larger voltage. These discussions indicate that our considered ReRAM stack can reveal unipolar operations. Conclusions: In summary, we have theoretically investigated the atomic and electronic role the Al 2 O 3 V O barrier layer in advanced ReRAM stacks based on first-principles calculations. Our results showed that V O filament formation in Al 2 O 3 can be controlled by applying voltages, which leads to the ON-OFF switching of ReRAM. Moreover, we pointed out that ReRAM stacks with the Al 2 O 3 V O barrier layer can reveal both bipolar and unipolar characteristics by designing stack structures.
